Cytoplasmic polyhedrosis viruses (CPVs), one genus of the family Reoviridae, infect midgut cells of a wide range of insects (22) . Cytoplasmic polyhedrosis disease caused by CPV infection results in the accumulation of occlusion bodies or polyhedra in the cytoplasm which are formed by the crystallization of the viral polyhedrin polypeptide. In the late infection stage, newly formed viruses are occluded in the polyhedron complex, perhaps to stabilize infectious virus particles. Greater biological meaning of the virus occlusion bodies may lie in the accurate delivery of virus to the target intestinal cells, where the occlusion bodies are solubilized by intestinal alkaline pH and the infectious virus particles are released.
The genome of CPV, like that of other members of the Reoviridae, consists of 10 double-stranded RNA (dsRNA) segments (4) . Each genome dsRNA segment is composed of an mRNA (plus strand) and its complement (minus strand) in an end-to-end base-paired configuration, except for the protruding 5' cap in the plus strand (6, 7) . The segments are transcribed by virus-associated RNA polymerase to form capped mRNAs which also function as templates for a replicase in virus-infected cells. Thus, each genome segment should contain recognition sites for genome transcription, mRNA translation, duplex segment replication, and correct assembly into virus particles. Consistently, a terminal sequence of m7GpppAmGUAAA-----GUUAGCC U CAUUU-----CAAUCGG was identified for segments of the prototype CPV that infects Bombyx mori, suggesting that the conserved terminal sequence is important for viral replication (15) .
The polyhedrin protein is coded for by the smallest genome segment, segment 10, and its expression appears to occur most extensively in the late infection stage (21) . In an effort to understand the regulation of polyhedrin gene expression and to characterize the genome structure, we cloned the segment 10 cDNA by the method which we have * Corresponding author.
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reported previously (12) . During the process, unexpectedly, we found in a CPV dsRNA mixture an extra subgenomic segment of about 300 base pairs referred to here as the SP gene (small polyhedrin gene). Since the SP gene appeared to be related in sequence to the polyhedrin gene, we also cloned the cDNA into Escherichia coli plasmid pBR322 and investigated it together with the polyhedrin gene. A direct sequencing and a comparative study clearly indicated that the SP gene is a deletion mutant derived from the polyhedrin gene. This report describes the complete sequence information of CPV polyhedrin as well as its deletion mutant gene.
MATERIALS AND METHODS
Preparation of CPVs and genomic dsRNAs. The type 1 CPV of B. mori was propagated by infecting fifth-instar larvae with purified CPV. The polyhedra that contain virus particles were isolated from infected midguts, and the virus was purified from polyhedra as described previously (6, 27) . Other CPVs were prepared similarly from infected Euxoa scandens (type 5 virus) and from Inachis io and Spodoptera exigua (type 2 and type 11 viruses, respectively) (22) and were kindly provided by C. C. Payne at the Glasshouse Crops Research Institute, Littlehampton, United Kingdom.
Molecular cloning of CPV polyhedrin and SP dsRNA genes. The cDNA for the polyhedrin gene was prepared from denatured CPV dsRNA and cloned into E. coli plasmid pBR322 (at the PstI site) as described previously for human reovirus (2), human rotavirus (12) , and wound tumor virus (1) . E. coli clones that contained the recombinant plasmids which harbor polyhedrin cDNA were detected by colony hybridization (8) (Fig. 1A) . Recently, we found an extra, small genomic dsRNA segment in a CPV genome RNA preparation (Fig. 1B) . This small segment had been overlooked before, since it ran off the gel under the normal electrophoresis conditions, which were intended to resolve high-molecular-weight segments. A preliminary 3'-terminal analysis of the [32P]pCp-end-labeled small RNA indicated that it contained 3'-ACU-OH and 3'-GCC-OH, the common 3'-terminal sequences for CPV genome dsRNA segments (data not shown). When the [32P]pCp-3'-end-labeled small RNA was isolated from gels and used for hybridization to the other individual genome dsRNA segments, which were denatured and fixed on a nitrocellulose filter, it hybridized to genome segment 10 and segments 1 to 3 ( Fig. 2A) . The labeled segment 10 also hybridized specifically with this small RNA (Fig. 2B ).
Molecular cloning of polyhedrin and its related SP genome RNAs. A mixture of duplex cDNA of CPV genome dsRNAs was prepared as described before (6) except that the 3' tailing of the template dsRNAs was done by polyadenylation with E. coli poly(A) polymerase as described by Cashdollar et al. (2) . The cDNAs were then poly(dC) tailed with E. coli terminal deoxytransferase, annealed to poly(dG)-tailed pBR322 plasmid DNA, and cloned into E. coli RR1 cells. Clones that contained the recombinant plasmids harboring the polyhedrin cDNA gene were isolated after colony hybridization with 3 '-[132P]pCp-labeled polyhedrin gene (genome segment 10) as a probe. The CPV polyhedrin cDNA was excised with PstI as a single band which migrated slightly slower than genome segment 10 ( Fig. 3) .
For cloning of SP dsRNA, the mixture of CPV genome RNA was first resolved by polyacrylamide gel electrophoresis and the SP dsRNA was extracted from the gel to avoid contamination of the polyhedrin gene. A small amount (approximately 100 ng) of purified SP dsRNA was 3' polyadenylated, and the cDNA was prepared as the polyhedrin gene was. Clones containing the SP cDNA gene were detected with [32P]pCp-labeled polyhedrin and SP RNAs. Several cDNA clones that contained the full length were obtained for SP RNA genes as determined by agarose gel GENOME SEGmE\TS A *. electrophoresis after digestion of the individual recombinant plasmid with PstI (Fig. 4) . The complete nucleotide sequences of both the polyhedrin and SP genes were determined by the Maxam-Gilbert (18) (14) . The second in-phase AUG triplet is present at residues 411 through 413, but it is unlikely that this AUG is used as an initiator, based on its limited coding capacity (125 amino acids) that does not account for the apparent molecular weight of 28,000 estimated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (21) .
The predicted amino acid sequence indicated that the CPV polyhedrin is a tyrosine-rich (9%) polypeptide with a molecular weight of 28,456. As expected from its cytosolic existence in virus-infected cells, the polyhedrin does not contain a transmembrane signal peptide. There are four potential N-linked glycosylation sites of the Asn-X-Ser/Thr type at amino acid residues 27 to 29, 77 to 79, 86 to 88, and 237 to 239. The amino acid sequences of several other polyhedrins from different insect viruses have also been established (24) . These include polyhedrins from B. mori nuclear polyhedrosis virus (NPV) (11) , Autographa californica NPV (9) , and Orgyia pseudotsugata NPV (16) . The amino acid compositions of these polyhedrins were compared to see whether there was any common feature among various polyhedrins which form a unique crystalline occlusion body (Table 1) .
There was no noticeable common feature to the four polyhedrins except that they all consist of 245 to 248 amino acids, a very narrow range in the number of composite amino acid residues. There is no apparent amino acid sequence homology between CPV polyhedrin and the NPV polyhedrins (data not shown), while the three NPV polyhedrins are closely related (24) . It is apparent from Table 1 that CPV polyhedrin and, to a lesser extent, NPV polyhedrins are rich in tyrosine. An involvement of tyrosine residues in the alkali-sensitive nature of the polyhedra was previously implicated for 0. pseudotsugata NPV polyhedrin (25) . The secondary structure analysis by Hopp and Wood (10) indicated that CPV polyhedrin as well as BmNPV polyhedrin are hydrophilic polypeptides (Fig. 6 ) and rich in ,-sheet and turn structures as expected from an ability to aggregate into a polyhedron complex. These two polyhedrins, however, are dissimilar in details of their secondary structure.
CPV SP RNA. Our preliminary hybridization experiments showed that the SP RNA relates to the polyhedrin gene. Indeed, the nucleotide sequence analysis revealed that CPV SP RNA consists of two identical subset regions of the polyhedrin gene. Namely, the 5'-terminal 121 bases and the 3'-terminal 200 bases of the SP gene were identical to the respective areas of the polyhedrin gene. These regions are shown in Fig. 5 in bold face. This small RNA is apparently formed from the polyhedrin gene by deletion of the internal 621 bases. At present, the mechanism for the formation of the SP gene is unclear; however, the 5 either A or T. The neighboring sequences are rich in A and AA-pyrimidine. The 5'-half donor fragment contains GAACAATACAACTATAACAAC, and the 3'-half acceptor fragment contains GATATTAACAAT. Interestingly, the junction of the two fragments does not cause a change in the coding frame for the remainder of the original coding region of polyhedrin. Therefore, the transcripts of SP dsRNA can code for a small polypeptide of 41 amino acid residues whose N-terminal 27 amino acids and C-terminal 14 amino acids are identical to those of mature polyhedrin. A schematic representation for the generation of the deletion mutant gene is presented in Fig. 7 . A similar observation has recently been reported by Nuss and Summers (19) for wound tumor virus genome segment 12. CPVs are classified into 12 types in which BmCPV is designated type 1 (1). CPV genome RNAs extracted from purified type 2, 5, and 11 viruses were analyzed for the presence of small subgenomic RNA by agarose gel electrophoresis (Fig. 8) . However, there were no small subgenomic dsRNA species present, at least in CPV type 2 and 11 genome RNAs, that could be detected by ethidium bromide staining.
Transcription of CPV SP gene by virus-associated transcriptase. To examine whether the CPV SP gene is transcribed by a virus-associated RNA polymerase, we performed the in vitro transcription as described before (28) . The purified CPV was incubated in a transcription reaction mixture that contained [o-32P]UTP. Viral mRNAs synthesized and released from virus particles were resolved by 8% polyacrylamide gel electrophoresis in the presence of 7 M urea. A distinct RNA band of low molecular weight comigrated with the heat-denatured SP RNA, in addition to mRNAs of high molecular weight which correspond to genomic segments 1 to 10 (Fig. 8) . These results demonstrated that subgenomic ACCTGCGCCAACAGGATATCGAAAAATTATACCGGATCCCGATGCTGACGGGATGCGGTACTGACTGACCGTTAGCC SP dsRNAs are transcribed by a virus-associated RNA polymerase.
DISCUSSION
Several polyhedrin genes of DNA containing NPV have previously been cloned and characterized (9, 11, 16, 24) . The CPV polyhedrin gene, on the other hand, has not been elucidated at the molecular level, perhaps because of the difficulty in handling its dsRNA genomes by recombinant DNA technology. Successful approaches in the conversion of dsRNA to dscDNA shown for human reovirus (2) and rotavirus (12) made the analysis of the CPV polyhedrin gene possible at the DNA level. In this report, we showed the entire nucleotide sequence of the CPV polyhedrin gene after the cDNA was cloned in E. coli plasmid pBR322. The 5'-terminal 23-mer and 3'-terminal 20-mer of genome dsRNA segment 10 that had previously been determined by the limited RNA sequencing procedure (15) are identical to the present sequence established by DNA sequencing.
The predicted amino acid sequence is consistent with the amino acid composition data obtained previously by Kawase (13) from purified BmCPV polyhedrin (Table 1 ). The molecular weight of polyhedrin (28,500) predicted from the cloned cDNA sequence is in agreement with that estimated by the electrophoretic mobility in sodium dodecyl sulfate-polyacrylamide gels (21) . The glycosylation of CPV polyhedrin has previously been suggested, based on positive color reactions with periodic acid-Schiff reagent (20) . The predicted polyhedrin sequence contains four possible N-linked glycosylation sites (Fig. 5) . However, it is not likely that these sites are used for glycosylation since there is no apparent transmembrane signal peptide present in the polyhedrin sequence and the apparent molecular weight (28,000) determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis is virtually the same as that of nonglycosylated polyhedrin (28, 500) The mechanism of genomic replication of CPV has not been well studied, but it is believed to be similar to that involved for human reovirus, the prototype of the Reoviridae. dsRNAs by a RNA-dependent RNA polymerase, the replicase. The mechanism responsible for the generation of deletion mutant dsRNA is not clear at present; however, it most likely proceeds by a deletion caused by a copy-choice mechanism involving the intramolecular or intermolecular "jumping" of the viral transcriptase-replicase. There is no evidence of splicing events for genome dsRNAs or their transcripts.
The generation of terminally conserved mutant dsRNA gene by internal deletion events has been previously reported for Saccharomyces cerevisiae virus (29) and wound tumor virus genome RNA (19) . Additionally, terminal sequences are conserved in the formation of defective interfering RNA genomes of Sendai virus (23), Sindbis virus (17), and influenza virus (3) . In all these systems, the internal deletion yielded genomic RNAs that were functional with respect to transcription, replication, and packaging.
Indeed, the CPV SP RNA gene is apparently viable in replication and packaging into virus particles since it is present in the purified virus. In addition, the SP RNA gene can be transcribed by virus-associated RNA polymerase (Fig. 9 ). These observations indicate that the conserved terminal sequence of 321 bases present in CPV SP RNA contain all the recognition signals required for virus genome replication and packaging into virus particles.
Apart from SP RNA, there seem to be small deletion mutants generated from other genomic segments, since the labeled small RNA fraction could hybridize also with CPV segments 1, 2, and 3 ( Fig. 2A) . The results suggest that the SP RNA is a mixture of deletion mutants in which the polyhedrin-related gene is, for some unknown reason, most abundant. It will be important to determine and compare the minimal sequence requirements of these deletion mutants to understand the molecular mechanism of CPV genome replication and packaging.
